To investigate the effects of ongoing changes in power systems with the increasing penetration of wind power, an accurate and reasonable WPP model is essential. A detailed WPP model, in which the dynamics of each wind turbine and the internal network are both fully represented, is not suitable as it could significantly increase the order of the power system's mathematical model to be solved and results in a much longer simulation time. As a result, the equivalent WPP model is generally recommended for reflecting the collective response of the entire WPP in large power systems.
2010). In the first case, the actual WPP is modeled as a unique re-scale wind turbine. This is rational when all wind turbines are operating under the identical condition; however, that might not be the case in real-world system operations. Nowadays, in order to improve the conformity of the single-machine representation with the actual WPP, numerical identification methods are applied to optimize the parameters of equivalent models. The optimized objects include generator (Elizondo et al. 2011; Erlich et al. 2012) , power converter (Jin et al. 2014 ) and passive frequency-dependent network (Hussein et al. 2013) .
In the second case, a study of the multiple-machine representation focuses on selecting reasonable clustering indices by quantifying and abstracting key features of wind turbines. The coherency method is presented by clustering wind turbines according to different wind speeds (Fernández et al. 2009; Zubia et al. 2012 ). In the research work (Ali et al. 2013 ) the wind direction is taken into consideration. Then, generator speed, stator voltage, q-axis component of stator current, and real-time active power are also implemented as clustering indices (Zou et al. 2015) . To represent the power loss on the collective network within the WPP, Muljadi et al. (2006) introduce a method of calculating the equivalent parameters of line and cable. Moreover, Cheng et al. (2011) analyze the impact of line impedance on diversity in the voltage profile of each wind turbine, and describe a voltage-profile-based approach to develop a multiple-machine aggregated WPP. In addition, a clustering index with consideration to the influence of fault types on coherency is depicted (Zhu et al. 2014) . However, most of the aforementioned studies placed emphasis on the doubly fed induction generator (DFIG)-based WPP.
With the rapid development of wind power generation and power electronics, the PMSG has become the current trend based on specific characteristics, such as its gearless drive train, high LVRT capability, and its ability to decouple the generator from the grid fault. At present, the study of multiple-machine representation for PMSG-based WPPs only takes into account diversity in wind speeds (Abbes et al. 2015; Conroy and Watson 2009) . Furthermore, since the speed changes in both the wind turbine and generator are negligible during the voltage dip, the simplified equivalent PMSG-based WPP models are recommended, in which the drive train, the generator and the machine side converter (MSC) are omitted (Conroy and Watson 2009; Neumann et al. 2015) . Although the chopper circuit is taken into account, these simplified models with singlemachine representation or multiple-machine representation cannot accurately reflect the diversity in chopper circuit conductions within the WPP. As for DFIG-based WPPs, the traditional equivalent WPP model built based on wind speeds experiences large discrepancies due to its failure to represent the diversity in crowbar circuit conductions (Brochu et al. 2011) . Similarly, the PMSGs are equipped with the chopper circuits, and the diversity in chopper circuit conductions should also be abstracted while clustering the PMSGs.
The goal of this paper is to highlight an equivalent modeling of PMSG-based WPPs considering LVRT capabilities. Taking into account the coordinated active and reactive power control strategies, the post-fault DC link voltage is calculated based on the prefault wind energy and the terminal voltage dip. The chopper circuit is triggered once the calculated voltage reaches the chopper circuit threshold. When the calculated voltage is between the chopper circuit threshold and the normal value, it means the DC link voltage continuously rises without triggering the chopper circuit. For the rest scenario, it signifies that the DC link voltage fluctuates around the normal value. Eventually, the PMSGs will be divided into three groups according to the range in which DC link voltage changes, and thus to establish the equivalent model of PMSG-based WPPs. Using the PowerFactory DIgSILENT software platform, we verified the efficiency and accuracy of the proposed equivalent WPP.
Background on LVRT scheme of a PMSG
A PMSG is connected to the grid through a full scale power converter, with which the LVRT capability can be achieved. The primary electrical and mechanical components are shown in Fig. 1 .
Enhancement of the LVRT capability for PMSGs can be achieved through two approaches: hardware protection and control action. As for the unbalanced active power delivered by the generator to the DC link, the method for improving control strategies on the MSC, wherein the rotor of the wind turbine is used to store the energy, is feasible, but the response rate of the method is relatively slow owing to the high inertia of the wind turbine. Therefore, the DC link chopper circuit is normally equipped to absorb any excess active power. Meanwhile, in order to offer the network support, the control pattern of the grid side converter (GSC) is usually modified to preferentially support reactive power during this fault.
Chopper circuit
During the electromechanical transient process, the wind energy of the wind turbine is approximately constant, while the output active power of the GSC reduces under a voltage dip. As a result, the DC link voltage will continuously rise due to this unbalanced active power. The dynamic equation of the DC link voltage can be described as:
where P s is the output active power of the GSC, C is the capacitance of the DC link, U dc is the DC link voltage.
In order to prevent the DC link voltage from rising too roughly, the brake chopper is a simple protection device that shorts the DC link through a power resistor when the DC link voltage exceeds a fixed threshold. As shown schematically in Fig. 1 gate bipolar rectifier (IGBT) chopper circuit is used to rapidly engage and disengage the resistor. The chopper works on a hysteresis band, i.e., the turn-off voltage (1.05 pu) is set below the turn-on threshold (1.06 pu).
Coordinated power control of the GSC
Under the normal voltage condition, the active power priority pattern is usually adopted to maximize the utility of natural wind energy. When a fault occurs, however, the control pattern of the GSC should be transferred to the coordinated power control strategy in which the output reactive power is prior to the output active power and the reference d-current component i We have noted that the grid voltage cannot regain the normal value before a fault clearance, though the reactive powers are provided by PMSGs. Accordingly, the reference q-current component i where, U g is the terminal voltage dip (pu), I N is the rated current of the GSC (pu).
Multiple-machine representation method for PMSG-based WPPs

Clustering principle
When the grid voltage dips, the brake chopper results in negligible speed changes in both the wind turbine and generator, so the speed index cannot completely represent the transient characteristics of the PMSGs. However, as the GSC switches to a reactive power priority control pattern, the DC link voltage undergoes a significant change, and the changes between different operating conditions of PMSGs are obviously different. For the PMSG subjected to a high wind speed, the DC link voltage may continue to rise until the threshold of the brake chopper, and then the chopper circuit is triggered. As for the PMSG subjected to a low wind speed, the DC link voltage may only show a slight fluctuation in the neighborhood of the normal value (1.0 pu), since the unbalanced active power delivered by the generator to the DC link is relatively small and the DC link voltage can be effectively adjusted by the GSC. It should be noted that different DC link voltage changes can lead to different conduction statuses of the chopper circuits. The characteristics of the chopper circuit conduction can reflect both the power loss consumed by the chopper resistor and the status of the DC capacitor energy storage. In addition, when DC link voltage rises or fluctuates within the fault duration, it represents the adjustment ability of the GSC and the activepower behavior of the PMSG. A continued rise in the DC link voltage indicates the GSC has already lost its active power control ability due to its current limit. In this case, the PMSG will maintain the maximum output active power within the fault duration, and has an active power pulse after the fault clearance. The DC link voltage fluctuating near the normal value reveals that the GSC still has its active power control ability, so the output active power will only fluctuate near its pre-fault value within the fault duration and will smoothly recover to a new steady state after the fault clearance.
Therefore, the different changes in DC link voltages are selected as a clustering principle, e.g., PMSGs are divided into three groups at most: Group 1) chopper circuit conduction within the fault duration; Group 2) the DC link voltage continuously rising without reaching the chopper circuit threshold within the fault duration; Group 3) the DC link voltage fluctuating in the neighborhood of the normal value within the fault duration.
The quantization of the DC link voltage fluctuation in the neighborhood of the normal value will be described in "Clustering index calculation" section.
Clustering index calculation
In general, the wind energy of the wind turbine is considered constant in the electromechanical transient analysis, and the terminal voltage dip of the PMSG is also approximately constant after a rise owed to the reactive power supported by PMSGs. Therefore, the post-fault DC link voltage can be directly calculated based on the pre-fault wind energy and the terminal voltage dip, as follows:
where t 0 , t 1 are the fault initial time and fault clearing time, respectively. S B is the base value of the GSC.
It is worth noting that the reference d-current component i 
value since the GSC can meet the adjusted requirement of the PI controller for DC link voltage regulation. In this paper, when the DC link voltage rises or fluctuates, it can be distinguished based on the relationship between the post-fault DC link voltage and the normal value, e.g., if the post-fault DC link voltage calculated based on Eq. (3) is lower than the normal value, it means the DC link voltage will fluctuate near the normal value, otherwise it will rise.
Parameters calculation of equivalent WPP model
The method of calculating the equivalent parameters of wind, generator, grounding transformer and collection line can be referred to in the literature (Zou et al. 2015) . Here, the equivalent parameters of the DC link capacitance and chopper resistor are calculated as follows:
where r ch is the chopper resistor, m i is the number of PMSGs within the group i. The subscript eq denotes the equivalent parameter.
Results and discussion
The proposed equivalent WPP was tested by comparing its transient response against the traditional equivalent WPP and the detailed WPP.
Model development
A detailed WPP consisting of 30 × 2 MW PMSGs (PMSG_1-PMSG_30) was set up in the simulation platform DIgSILENT/Power Factory, as shown in Fig. 3 . Each PMSG is connected to the collector system through a 0.69/35 kV grounding transformer, and the output is delivered to the 35/220 kV main transformer via 50 km transmission lines. The interval between two PMSGs is shown in Fig. 3 , and model parameters are given in Table 4 in "Appendix". Prior to the faults, PMSGs operated with a unity power factor.
Compared with the simulation results of the detailed WPP, error indices are defined as:
where Y i (k) and Y fi (k) are the output variables of the complete collector system for the equivalent WPPs and the detailed WPP, respectively, and n stands for the number of PMSGs within the WPP.
In this paper, the proposed equivalent WPP model is named as the equivalent model A, and the traditional equivalent WPP model, based on the principle that PMSGs are divided into groups according to wind speed, is named as equivalent model B.
Comparison between calculated and simulated DC link voltages
In order to test the accuracy of the calculation method mentioned in "Clustering index calculation" section, the post-fault DC link voltages calculated based on the Eq. (3) are compared with the simulated ones.
In the rated power range, the active powers of 30 PMSGs were randomly generated. A three-phase short-circuit fault was applied at the POI (point of interconnection), as shown in Fig. 3 . The 150-ms fault starts at 0.1 s, and then the POI voltage dips to 0.6 pu. In the case, the triggering signal of the chopper circuit is disabled. The calculated and simulated DC link voltages at the fault clearing time are listed in Table 1 .
As can be seen from Table 1 , for the PMSGs whose simulated DC link voltages are higher than the normal value, the calculated DC link voltages are very close to the simulated ones. This effectively divides most of the above PMSGs into Group 1 or Group 2 based on the proposed calculation method, instead of the detailed WPP's simulation results, even though there is one PMSG, i.e., PMSG_22, which has been wrongly divided into Group 3. As for the PMSGs whose simulated DC link voltages are lower than the normal value, the calculated results are lower than the simulated ones. This is because the value of i LGJ-240/35
LGJ-300/220 
Different POI voltage dips
The active powers of 30 PMSGs are listed in Table 1 . A three-phase short-circuit fault was applied at the POI, as shown in Fig. 3 . The 150-ms fault starts at 0.1 s. In order to test the suitability of the proposed equivalent method for different voltage dips, we changed the short circuit grounding impedance to successively adjust the POI voltage dip within the range of 0.2-0.9 pu with the step of 0.1 pu.
Figures 5 and 6 illustrates the behavior of the active and reactive powers of the POI for the two equivalent models and the detailed WPP following the application of the three-phase short-circuit faults when the POI voltage ranges from 0.2 to 0.9 pu. The DC link voltages of equivalent PMSGs within the two equivalent models are also shown in Figs. 5 and 6. As can be seen from Fig. 5a , b, the collective response of the two equivalent models and the detailed WPP match, and the errors of curve fitting lie in horizontal displacement and amplitude. This is because the POI voltage dips are very severe, so the transient characteristics of PMSGs are dominated by the fault factor, instead of the active power and electrical distance. As a result, transient response characteristics of each PMSG within the detailed WPP are similar, and the transient response characteristics of each equivalent PMSGs within the two equivalent models are also similar. With the fault mitigation, the advantage of the equivalent model A is fully performed, as seen in Figs. 5c-e and 6a−c. Table 2 and the DC link voltage response of the equivalent models in Figs. 5 and 6, we will explain why the traditional equivalent model has large power discrepancies when it is based on the principle that PMSGs are divided into groups according to wind speed. As for the Fig. 5e , depending upon the group results of the equivalent model A, there are 9 PMSGs with chopper circuit conductions, while the simulation results of the equivalent model B mean there are 21 PMSGs conducting the chopper circuits. Under the same input wind energy, more PMSGs with chopper circuit conductions mean greater energy loss in chopper resistors and greater energy storage in DC capacitors. Accordingly, the active power pulse of the equivalent model B is enhanced because more stored energy in DC capacitors has been released after the fault clearance. As for the Fig. 6b During the fault period, PMSGs are switched to a reactive priority control strategy in which the output reactive power depends on the terminal voltage dip, which relates to the electrical distance. Due to the reasonable group result, the equivalent model A is also more accurate in the reactive power under the same collection system equivalent method. Table 2 also lists the equivalent accuracy of the equivalent WPPs compared to the detailed WPP regarding error indices. The proposed equivalent method divides the PMSGs by the diversity in the DC link voltage changes, and the coordinated power control strategy and the conduction status of the chopper circuit are also taken in account, thus significantly improving the accuracy of the equivalent model.
It should be mentioned that the proposed model has significant active and reactive power discrepancies when the POI voltage dips to 0.5 pu. Comparing the active and reactive powers of each group before and after the equivalence, as shown in Fig. 7 , we can see that the equivalent PMSG representing the Group 2 mainly reduces the conformity of the proposed model with the detailed WPP. This is due to the imprecision in parameters of equivalent collector system. In fact, the method for collector system equivalence relies on the assumption that the current injection from all PMSGs is identical in angle, and adopts approximately the POI voltage to calculate the output current of each PMSG, instead of the actual terminal voltage (Muljadi and Ellis 2010; Zou et al. 2015; Zhu et al. 2014) . When the POI voltage dips to 0.5 pu, the parameter error caused by the two simplifications is enlarged. Therefore, the proposed method has a different response. In order to improve the conformity of the proposed model with the detailed WPP in this case, further research might be needed to optimize the parameters of equivalent collector system. To further verify the effectiveness of the proposed equivalent method, the following cases were carried out.
Different output active powers and transfer coefficients of wind energy
There are three feeders in the detailed WPP, as shown in Fig. 3 , and they are successively numbered from left to right. For example, the transfer coefficient of wind energy is equal to 0.9 pu, and then the output active powers of the PMSGs in Feeder 1, Feeder 2 and Feeder 3 were randomly generated within the range of 1-0.9, 0.9-0.81 and 0.81-0.729 pu, respectively. We provided three different transfer coefficients of wind energy, i.e., 0.7, 0.8, and 0.9 pu, to modify the difference in active powers of the PMSGs within the WPP.
Limited to the length of the article, we have omitted the transient behavior of the active and reactive powers of the POI for the two equivalent WPPs and the detailed WPP, and only list the model errors in Table 3 . With the proposed equivalent method, conformity with the detailed WPP of the active and reactive powers of the equivalent WPP is generally improved except a few cases. These cases are related to the following situations: (1) the group number of the equivalent model A is lower than that of the equivalent model B. This phenomenon occurs in the event that all of 30 PMSGs' DC link voltages reach the chopper circuit threshold or fluctuate near the normal value. Based on the proposed equivalent method, these 30 PMSGs are clustered into one group. However, the 30 PMSGs are clustered into two groups using the traditional equivalent method in which the clustering principle is dependent on the diversity in wind speeds. Simulation results reveal that both the equivalent model A and B can reflect the phenomenon that all of 30 PMSGs' DC link voltages reach the chopper circuit threshold or fluctuate near the normal value, but equivalent model B also takes into account the diversity in wind speeds. On the basis of increasing the order of equivalent model, the equivalent model B improves its precision somewhat.
(2) The equivalent model A and B have a same clustering result, as can be seen when wind energy and transfer coefficient are 0.8 MW, 0.9 pu, respectively. It should be noted that the model error indices are obviously reduced when the equivalent model A performs better than the equivalent model B. However the difference in the active power errors between the two equivalent models are all about 1% when the equivalent model A performs worse than the equivalent model B. Based on a credibility analysis of the power systems' dynamic simulation, the swing amplitude is generally utilized to evaluate whether a system can achieve new stability after the fault clearance. Accordingly, we selected the active power pulse error at POI after the fault clearance as an indicator to evaluate the credibility of the proposed equivalent model, as follows:
where M f and M are the amplitudes of the active power pulses after the fault clearance for the equivalent model and the detailed WPP, respectively.
As for these instances in which the equivalent model A performs worse than the equivalent model B, the credibility of the equivalent model A is still very high, due to the fact that active power pulse errors are all lower than 1%.
Conclusions
In this paper, we proposed an innovative clustering concept for the equivalent modeling of PMSG-based WPPs, which takes into account the impacts of both the DC link chopper protection and the coordinated control of active and reactive powers. The post-fault DC link voltages of PMSGs were calculated based on the pre-fault wind energy and the terminal voltage dip; without any clustering algorithm, the PMSGs were divided into groups according to the diversity in the DC link voltage changes.
As for different POI voltage dips, wind energy and the transfer coefficients of wind energy, simulation results confirmed that the equivalent model has the same effects on power system dynamics as a detailed WPP. The proposed equivalent model is expected to be applicable for the offline electromechanical transient stability in the power system external to the WPP.
For an unbalanced grid fault occurrence, the LVRT control strategy is usually related to the positive quantities. Therefore the proposed equivalent method can also be applied in the unbalanced grid fault.
